ABSTRACT: Lack of synthesis of extracellular matrix compounds may contribute to degeneration of the tendons. Thus, we aimed to evaluate the expression of extracellular matrix and TGFB family members in ruptured and non-ruptured tendons of the rotator cuff, as well as the effect of clinical factors on gene expression in tendon samples, and the relationship between histological findings and altered gene expression. Injured and non-injured supraspinatus tendon samples and subscapular non-injured tendon samples were collected from 38 patients with rotator cuff tears. Non-injured supraspinatus tendons were obtained from eight controls. Specimens were used for histological evaluation, quantification of collagen fibers, and mRNA and protein expression analyses. Increased COL1A1, COL1A2, COL3A1, COL5A1, FN1, TNC, and TGFBR1 mRNA expression was observed in the tear samples (p < 0.05). Duration of symptoms was correlated with the levels of collagen type I/III fibers (p ¼ 0.032; r ¼ 0.0447) and FN1 immunostaining (p ¼ 0.031; r ¼ 0.417). Smoking was associated with increased frequency of microcysts, myxoid degeneration, and COL5A1, FN1, TNC, and TGFB1 mRNA expression (p < 0.05). Keywords: rotator cuff tear; histology; gene and protein expression; extracellular matrix; TGFB family Rotator cuff disease is a common cause of shoulder pain and dysfunction, especially in older and sedentary people.
Rotator cuff disease is a common cause of shoulder pain and dysfunction, especially in older and sedentary people. 1 Many extrinsic factors (e.g., impingement and demographic factors) and intrinsic factors (e.g., age-related degeneration, hypovascularity, inflammation, and oxidative stress) have been proposed to explain the cause and progression of rotator cuff tears. 1 Tendons are constituted of tenoblasts and tenocytes lying within a network of extracellular matrix (ECM). 2 The ECM of tendons are mainly composed of collagens, proteoglycans, glycosaminoglycans, glycoproteins, and several other small molecules. 2 Increased degradation of ECM and a subsequent lack of increased synthesis may lead to structural deterioration and degeneration of the tendons. 3 Changes in collagen content and composition have consistently been found in tendinopathy. 3 Normal tendons are predominantly composed of type I collagen fibers, which is usually a heterotrimer of a1 chains (COL1A1) and a2 chains (COL1A2). 4 However, during joint healing, it is postulated that type III collagen expression (COL3A1) is increased and that the increased ratio of types I and III collagens may be an indicator of total repair response. 5 Fibrillogenesis is a complex process and collagen V (COL5A1 and COL5A2) appears to play a critical role in its regulation. 6 Further investigation is necessary to understand the relationship between collagen expression and the heterogeneity of human rotator cuff tears.
Fibronectin 1 (FN1) and tenascin C (TNC) glycoproteins are involved in several biological processes, including cell adhesion and wound healing. 7, 8 These glycoproteins maintain the homeostasis of the ECM of the joints by regulating collagen fibril assembly. 9 Some authors have reported increased expression of these proteins in injured tendons. 3, 9, 10 Transforming growth factor beta 1 (TGFB1) has been shown to increase the breaking energy of a healing tendon.
11 TGFB1 activity is mediated by its dimerization with its receptors, including TGFB receptor I (TGFBR1).
12 TGFB1 regulates and is regulated by several ECM proteins, including FN1 13, 14 and TNC. 15, 16 Growth differentiation factor 5 (GDF5) is another TGFB family member. In vitro studies demonstrated that GDF5 is one of the key factors in tenogenic differentiation and proliferation of mesenchymal stem cells. 17 Additionally, GDF5 induces the upregulation of COL1A1, COL3A1, and TNC mRNA expression during the process of differentiation. 17, 18 Thus, GDF5 seems to be important for tendon function; however, its role has never been investigated in rotator cuff tears.
In the present study, we compared the mRNA expression levels of COL1A1, COL1A2, COL3A1,  COL5A1, TNC, FN1, TGFB1, TGFBR1 , and GDF5 at the edge of the ruptured rotator cuff tendon with macroscopically normal rotator cuff tendon samples of the same patients, as well as with non-injured tendon samples of individuals without this. We also evaluated the expression of the protein products, and quantified collagen fibers to confirm the involvement of some genes in the etiology of tears. Additionally, we aimed to better understand the effect of clinical aspects in the gene expression in tendon samples and the relationship between histological findings and molecular alterations. To achieve this, we investigated possible associations between gene or protein expression in tendon samples, and clinical and histological characteristics.
METHODS
This study is a case-control study (level of evidence 3). The study was approved by the ethics committee of Universidade Federal de São Paulo (UNIFESP; approval number: #1918/ 11) and all individuals provided written informed consent prior to data and sample collection.
Patients
Rotator cuff tendon tissue was collected from 38 patients undergoing arthroscopy repair at the São Paulo Hospital of the UNIFESP, Brazil. The subjects were between 30 and 70 years of age, and the inclusion criteria were the presence of degenerative full-thickness supraspinatus tears confirmed in surgery, a minimum of 6 months of conservative treatment, no corticosteroid and/or fluoroquinolone antibiotics use within 3 months, and absence of alterations in the subscapular tendon by magnetic resonance imaging (MRI) and arthroscopic examination. We excluded subjects presenting with possible confusing factors such as other shoulder diseases and/or patients with tear that could be considered non-reparable. Therefore, we excluded patients with prior shoulder surgery, glenohumeral arthritis, and labrum pathology, traumatic tears or tears greater than 5 cm (massive tears according to Cofield et al. 19 ), and fatty infiltration greater than grade 2 according to Fuchs et al. 20 An external control (EC) group (N ¼ 8) was composed of patients operated on for two-part proximal humeral fractures (fractures locates at surgical neck 21 ). In the control group, we excluded subjects with previous rotator cuff tear or with any clinical or radiological indications (X-ray and ultrasound) of this affection, including glenohumeral arthritis. During the surgical procedure, no macroscopic supraspinatus tendon degeneration or tear was observed. All control subjects were physically active. Table 1 displays the main clinical outcomes of cases and controls. Injured and non-injured tissue specimens of about 2 mm   3 were obtained from tendons as previously described. 22 From patients, tissue samples representative of the three sectors of the rotator cuff according to Habermeyer et al. 23 were biopsied: Central cuff (CC), posterior cuff (PC), and anterior cuff (AC). CC samples (the torn supraspinatus edge) represented the macroscopically injured supraspinatus tendon and the most degenerated site of the tear was chosen for this biopsy. PC samples represented a tendon without macroscopic alteration with native footprint insertion. AC samples represented the subscapular tendon, a normal tendon of the rotator cuff. A supraspinatus sample was also obtained from controls (CC of external controls, EC).
Tissue Samples
Tissue specimens of 28 patients and eight controls were immediately immersed in Allprotect Tissue Reagent (Qiagen, Valencia, CA) and stored at À20˚C until RNA extraction for gene expression analysis. Additionally, 30 CC and five EC tissue samples were formalin-fixed and paraffin-embedded (FFPE). Samples collected in both Allprotect Tissue Reagent (Qiagen) and FFPE were available from 20 (52.6%) cases and 3 (37.5%) controls.
Histological, Collagen Fibers, and Immunohistochemistry (IHC) Analyses All sections of FFPE tissues were stained with hematoxylineosin for histological evaluation. Quantitative histological analysis was performed using a Digital Analysis System on an Olympus BX51 microscope with plan achromatic objectives coupled with a video camera, Olympus 200, and using the ImageJ software (National Institutes of Health).
CC samples were classified according the presence or absence of fissure, degenerative/necrotic changes, myxoid degeneration, microcyst, dystrophic calcification, and neovascularization. Semi-quantitative analysis was also performed for myxoid degeneration, microcyst, and neovascularization, in which samples were classified into four different groups: (i) absence of the histological characteristic; (ii) 1-25% of the tissue presenting the histological characteristic; (iii) 26-50% of the tissue presenting the histological characteristic; (iv) histological characteristic presented in >50% of tissue area. To allow some statistical comparison, we also classified the CC samples based on myxoid degeneration, microcyst, and neovascularization status into two main groups: (i) 25% of the tissue presenting the histological characteristic; (ii) >25% of the tissue presenting the histological characteristic.
Synovial or tenocyte hyperplasia, hemorrhage with hemosiderin pigmentation, chronic synovitis, and fibrinoid deposits were also investigated; however, they were only observed in one or less CC samples (data not shown).
COL1 and COL3 fibers were evaluated by picrosirius staining in 23 samples of rotator cuff tears. Picrosiriusstained sections were examined under polarized light microscopy (birefringence) for the presence of type I collagen (red and yellow colors) and type III collagen (green color). Digital analysis was performed using the software Image Pro Plus (Media Cybernetics, Rockville, MD). Five microscopic fields were examined per slide. It is important to highlight that both COL1 and COL3 fibers were analyzed in the same field.
For immunohistochemistry (IHC) analysis in injured samples, we used the Dako Autosteiner System (Dako, Carpinteria, CA). After heat-induced epitope retrieval with PT-Link-Dako (Dako), the tissue sections were incubated with primary antibodies against FN1 (F1, 1:100 dilution; Abcam, Cambridge, MA; N ¼ 27), TNC (EPR4219, 1:50 dilution; Abcam; N ¼ 17), TGFB1 (T21, 1:30 dilution; Abcam; N ¼ 10), or TGFBR1 (polyclonal, 1:100 dilution; Abcam; N ¼ 19). The EnVision FLEX detection system (K8000; Dako) was used for visualization. The sections were counterstained with hematoxylin. CC samples were scored according to the proportion of immunoreactive cells: 0) 0% (no staining); (i) 1-25% (weak expression); (ii) 26-50% (moderate expression); (iii) >50% (strong expression).
Histological, collagen fibers, and IHC analyses were performed by a pathologist (MTSA) who was blinded to the clinical and molecular data.
Gene Expression Analyses
Total RNA was extracted from 10 to 20 mg of tissue sample using an AllPrep DNA/RNA/miRNA Mini Kit (Qiagen). RNA concentration and quality were determined using a Nanodrop ND-1000 (Thermo Scientifc, Wilmington, DE) instrument. RNA aliquots were stored at À80˚C.
Gene expression was evaluated by reverse transcription quantitative polymerase chain reaction (RT-qPCR) according to the Minimum Information for Publication of Quantitative Real-Time PCR Experiments guidelines. 24 cDNA was synthesized from 150 ng RNA using a High-Capacity cDNA Reverse Transcription Kit (Life Technologies, Carlsbad, CA). RT-qPCR was performed with 150 ng cDNA using TaqMan Low-Density Array cards (Life Technologies) and the ViiA 7 Real-Time PCR System (Life Technologies). The HPRT1, TBP, and ACTB genes were selected as internal controls to normalize the sample input amount as previously described. 22 All qRT-PCR reactions were performed in triplicate for all target genes and reference genes (Table S1 ). For each sample, the target and reference genes were assayed on the same card to exclude technical variations. The relative threshold method (Crt method) was applied. 22, [25] [26] [27] [28] [29] The expression of target genes across the samples was calculated using the equation DCrt, in which (DCrt ¼ target gene Crt-the mean of reference genes Crt). A lower cycle threshold value (Crt) indicates higher gene expression.
Molecular analyses were performed by MFL, who was blinded during the experiments to the clinical, histological, and IHC data, prior to statistical analysis.
Statistical Analysis
Quantification of collagen fibers did not present a normal distribution. The Mann-Whitney test was used to compare clinical and histological variables, collagen fiber quantification, and protein expression. These data are shown as frequency of the median and interquartile range (IQR). Chi-square test was also used to compare clinical and histological variables between cases and controls, and to compare the frequency of histological variables between clinical subsets of patients.
Gene expression data presented a normal distribution. The general linear model (GLM) test was applied to compare mRNA expression levels between cases and controls samples, as well as clinical and histological variables. GLM for repeated measures followed by the Bonferroni post hoc test was performed to compare gene expression among paired tendon samples of rotator cuff patients. These data are shown as the mean AE standard deviation (SD). T-test for independent samples was used to compare the age between cases and controls.
Spearman correlation was used to investigate possible correlations between collagen fibers or expression and clinical quantitative data, such as age at surgery, duration of symptoms, tear extension, and number of years of smoking. A p-value of <0.05 was considered statistically significant for the analysis. The alpha was adjusted when necessary (Bonferroni corrections).
RESULTS
No significant difference was observed between the studied clinical characteristics between cases and controls (p > 0.05; Table 1 ). Age and tear size were directly correlated (p ¼ 0.035; r ¼ 0.322; Fig. S1 ).
Fissures, degenerative/necrotic changes, myxoid degeneration, microcysts, and neovascularization were the main histological findings in injured supraspinatus tendon samples (Table 2 , Fig. 1 ). Figure 1 shows the percentage of cells with myxoid degeneration, microcysts, and neovascularization in rotator cuff tear samples.
In EC group, myxoid degeneration was observed in only 1 (20%) sample and it was present in less than 25% of the tissue area. Neovascularization was also detected in 2 (40%) of the EC samples, but in only <25% of the cells. The number of FFPE samples in the EC group was small; however, we observed a significant increase in myxoid degeneration frequency in the injured tendon samples (p ¼ 0.010; Table 2 ).
Type I collagen fibers were more frequent than type III collagen fibers in CC samples (Fig. 1) . No correlation between the quantity of types I and III collagen fibers was detected (p ¼ 0.790; r ¼ 0.059). (Fig. 2) .
Most tear samples exhibited FN1, TNC, and TGFB1 immunostaining. Lack of FN1 immunostaining was only observed in two tear samples (7.4%; Fig. 3A ). FN1 immunostaining was weak in 9 (33.3%), moderate in 7 (25.9%), and strong in 9 (33.3%) of the CC samples ( Fig. 3A and B) . Most of the CC samples presented strong TNC immunostaining (Fig. 3C and D) . Strong TGFB1 immunostaining was also detected in 8 (80%) of the CC samples ( Fig. 3E and F) . Conversely, the TGFBR1 immunostaining pattern was more heterogeneous. Lack of TGFBR1 immunostaining was observed in 12 (63.2%) CC samples, and only 1 (5.3%) tear sample presented increased protein expression ( Fig. 3G and H) .
A direct correlation was also detected between the FN1 protein and mRNA expression (p ¼ 0.025, r ¼ À0.526; lower DCrt indicates higher gene expression). Additionally, the ratio of COL1/COL3 fibers was directly correlated with COL1A1/COL3A1 mRNA expression (p ¼ 0.033, r ¼ À0.535).
The protein expression of GDF5 was not evaluated in the tendon samples, as we did not detect a significant difference in GDF5 mRNA levels between injured and non-injured tendons; furthermore, we did not observe any association between mRNA expression and clinical or histological variables. Fig. 4C ). Increased expression of COL5A1 (À5.2 vs. À2.7; p ¼ 0.011), FN1 (À8.9 vs. À6.8; p ¼ 0.021), and TNC (À6.0 vs. À4.2; p ¼ 0.014) was detected in CC tissue samples of smokers, relative to non-smokers (Fig. 4D-F) . Additionally, a direct correlation was observed between TGFB1 expression and the number of years of smoking (p ¼ 0.042, r ¼ À0.387; Fig. 4G ). FN1 protein expression was also directly correlated with number of years of smoking (p ¼ 0.048; r ¼ 0.384; Fig. 4H ).
Increased expression of COL1A2 (À6.2 vs. À4.9; p ¼ 0.023), COL3A1 (À7.8 vs. À6.5; p ¼ 0.040), COL5A1 (À4.2 vs. À2.5; p ¼ 0.009), FN1 (À8.1 vs. À6.6; p ¼ 0.018), TGFB1 (À0.65 vs. 0.05; p ¼ 0.003), and TGFBR1 (0.07 vs. 0.85; p ¼ 0.006) was observed in CC samples of patients without the dominant arm affect (Fig. S3) . Conversely, TGFBR1 protein expression was increased in samples of patients with the dominant shoulder affected (p ¼ 0.003). Lack of TGFBR1 was observed in all samples of patients with the nondominant arm affect. Fig. 5A and B) .
Gene and Protein Expression Alteration in Histological
CC samples with microcysts in more than 25% of the tissue area presented increased COL5A1 (À5.1 vs. À2.8; p ¼ 0.014; Fig. 5C ), FN1 (À8.9 vs. À6.9; p ¼ 0.044; Fig. 5E ), and TNC (À6.1 vs. À4.2; p ¼ 0.020; Fig. 5G ) expression, in relation to samples with microcysts in 25% of the tissue. Additionally, CC samples with microcysts exhibited higher TNC expression compared with those without this histological characteristic (À4.1 vs. À5.2; p ¼ 0.046; Fig. 5H ). A tendency for higher expression was also observed for COL5A1 (À4.0 vs. À2.6; p ¼ 0.05; Fig. 5D ) and FN1 (À8.1 vs. À6.7, p ¼ 0.054; Fig. 5F ) in samples with microcysts.
Lower levels of FN1 were detected in CC samples presenting neovascularization process (À6.2 vs. À7.8; p ¼ 0.035; Fig. 5I ). TNC expression also tended to be lower in samples with neovascularization (À3.6 vs. À4.9; p ¼ 0.051; Fig. 5J ). TGFBR1 protein expression was associated with the presence of neovascularization (1 vs. 0; p ¼ 0.034; Fig. 5K ). However, in the subset of samples in which TGFBR1 immunostaining was evaluated, only three samples exhibited neovascularization.
DISCUSSION
The exact etiology of rotator cuff injuries remains unknown. Several intrinsic and extrinsic factors can lead to modifications of the should tendons structure -mainly composed by ECM proteins-and the fullthickness tears. The elucidation of biology behind this complex disease through histologic and gene/ protein analyses may help to develop new therapeutic options complementary to surgery and contribute for the understanding of patient's heterogeneity with impact in the determination of the prognosis and best treatment.
There is a strong belief that degenerative changes are important for the rotator cuff tear genesis. Using data from a large randomized clinical trial, Rashid et al. 30 reported that increased age and tear sizes are risk factors for failure of rotator cuff repair healing. Here, we initially described a direct relationship between age and tear size in the studied population.
Thus, our results reinforce that the aging process contributes as an intrinsic factor involved in tendon degeneration. Moreover, our sample seems to mirror the description of a large set of clinical samples, and is therefore representative for the study of molecular alterations involved in tear etiology.
Our results also showed that the main findings in the ruptured tendons include fissures, degenerative/ necrotic changes, myxoid alteration, and microcysts, thereby confirming the presence of abnormal collagen fibrils, as well as the degeneration process described in literature. [31] [32] [33] Degenerative changes at the tendon can contribute to the high rate of recurrence after surgery. It is widely known that chronic rotator cuff tears have limited healing potential and a high risk of Ã Significant difference between groups (p < 0.05) by GLM test for comparisons between cases and controls, or by GLM for repeated measures followed by Bonferroni post hoc test for comparisons involving multiples samples of patients with rotator cuff tears. #Tendency to significance (p ¼ 0.053; adjusted p-value).
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recurrence, even if surgically treated. 34 We were unable to evaluate the effect of histological findings in rotator cuff recurrence. Our study only included the assessment of a single time point (at the time of surgical repair), as access to multiple biopsies of patients after surgery without a clinical requirement would be not ethically approved. Furthermore, only seven patients were evaluated by MRI after at least two years of surgery. Among these, two presented supraspinatus tendon re-rupture (data not shown), which limited the investigation of molecular aspects that could be involved in the failed healing of rotator cuff repair.
We also detected neovascularization in a subset of tendon samples. Increased vascularity or vascular proliferation in tendon tear has been previously described. 32, 33 Lewis et al. 35 demonstrated that neovascularity occurs in subjects with a clinical diagnosis of rotator cuff tendinopathy and to a lesser extent in asymptomatic shoulders. Interestingly, although calcifications have been reported in up to 24.7% of rotator cuff tears, 33, 36 we did not detect this histological variation in our samples.
Although some histological findings were associated with the degeneration process, our results suggest that rotator cuff injury presents intrinsic repair potential. We detected increased expression of COL1A1, COL1A2, COL3A1, COL5A1, FN1, TNC, TGFB1, and TGFBR1 genes in this affection. Increased expression of the collagen genes, FN1 and TNC, is consistent with our previous investigation, in which we demonstrated lowered expression of metalloproteinases-a large group of proteolytic enzymes responsible for tissue remodeling and degradation of the ECM-and increased expression of their inhibitors (TIMPs) in the same cohort of rotator cuff tears. 29 Furthermore, increased COL5A1, FN1, and TNC expression in tendons was more evident in tears with a higher frequency of a histological finding of degeneration, such as microcysts. These findings might be related to the attempt to synthesize and assemble new collagen fibers in the degenerated tissue.
Tear tendon samples exhibited increased expression of COL1A1, COL1A2, and COL3A1 expression, compared to non-injured tendons. Our results support previous studies that used a set of cadaveric samples as controls. 37, 38 Type I collagen is the most prominent protein present in tendons, and is responsible for tendon resistance to physiological loads. Conversely, type III collagen, with its ability to crosslink extensively, modulates the growth of the diameter of these collagen fibrils. 39 During joint healing, type III collagen appears to form the architecture of an early repair construct, which is then infiltrated and replaced with type I collagen. 5 Increased expression of COL1A1, COL1A2, and COL3A1 was observed in injured tendons; however, tear samples with fissures exhibited increased levels of type III collagen fibers and a lower ratio of type I/III collagen fibers. These findings support the notion that the increased levels of these collagens may be involved in attempted tissue healing, as previously described. On the other hand, an increase in type III collagen fibers is mainly observed in an adult tendon without integrity.
A higher proportion of type I collagen fibers than that of type III collagen fibers, as well as increased FN1 expression, was detected during disease progression (increased duration of symptoms or delay of surgical treatment). Although our results are in agreement with the hypothesis that the increased ratio of type I/III collagen may be indicative of the repair response, our clinical findings show that the ratio of type I/III collagen cannot be used as a single marker of total repair, as previously postulated. 5 Our clinical observations indicate that the attempted intrinsic tendon repair is insufficient to reestablish tissue Increased expression of COL5A1 was one of the main findings in the ruptured and degenerated tendon. The quantity of type V collagen is relatively small relative to that of type I collagen in joint tissues. 41 Type V collagen forms heterotypic fibrils with type I collagen, and plays a central role in the regulation of fibrillogenesis. 6 Wenstrup et al. 6 demonstrated that downregulation of Col5a1 expression leads to a reduction in fibril number in mouse models. Thus, the increased expression of COL5A1 suggests that the fibrillogenesis process may be occurring in the edge of the ruptured tendon as part of the repair response observed at molecular level.
Both FN1 and TNC mRNA expression were increased in injured tendon samples, as previously demonstrated in protein studies by Riley et al. 10 and Tillander et al. 9 in a small set of samples. These genes codify glycoproteins that act in the tenogenic differentiation 42 and thus in the healing process by promoting fibroblast migration and adhesion to fibrils, 43, 44 and are involved in the regulation of collagen fibril assembly 9 as well as the regulation of TGFB1. 13, 43 Specially for TNC, a continuous increasing in the gene and protein expression was detected from the normal tendon to the edge of the torn tendon (EC > AC > PC > CC). This trend is also observed in the analysis of collagen gene expression in our clinical samples, which corroborates with TNC and FN1 function in the tenogenic differentiation. Therefore, our findings support that FN1 and TNC may be key drivers of the molecular events occurring in the shoulder tendons of patients with full-thickness rotator cuff tears and can be target for new treatments attempting to stimulate the tendon repair probably in combination with surgery procedures.
Although we detected increased TGFBR1 expression in injured supraspinatus tendon samples compared with controls, no TGFBR1 protein expression was detected in most of the tear samples. The TGFBR1 gene encodes the receptor serine/threonine kinase for TGFb1 and it is a central propagator of TGFb signaling, 12 which is involved in several biological process, including the control of cell proliferation, differentiation, and inflammation processes.
45
TGFBR1 mediates the induction of multiple genes involved in cell-matrix interactions necessary for these biological process, 46 such as those studied here. It is worth highlighting that molecular biology studies have clearly demonstrated an inflammatory phenotype in several tendon diseases, including rotator cuff tears, despite the absence of obvious clinical "inflammation" signs. 47 On the other hand, the results of this investigation do not support the conclusions of a previous study in which TGFBR1 mRNA was decreased in diseased rotator cuff compared to healthy hamstring tendons; 48 thus, tendon samples (n ¼ 5) of a different joint were used as controls, contributing to the divergent findings. Further investigation is necessary to understand the post-transcriptional regulation of TGFBR1 and its role in tendon tears. We hypothesize increased expression of TGFBR1 can contribute to the activation of TGFB1 pathway and can be a key driver in the attempt to repair the tendons. However, due to the pleiotropic function of TGFB1, this pathway must be dynamic and strictly regulated in tendons, which is a challenging for a target therapy.
The effect of habitual smoking in the development of, and the repair response to, rotator cuff tears is still controversial. However, in a systematic review, Bishop et al. 49 concluded that smoking might accelerate rotator cuff degeneration and increase the prevalence of larger rotator cuff tears. We observed that smokers exhibited a high frequency of histological signs of degenerative processes in the supraspinatus tendon edge, probably followed by the modulation of COL5A1, FN1, TNC, and TGFB1 expression. Thus, our study reinforces through histological and molecular analysis that habitual smoking contributes to the induction of a degenerative process in tendons that culminates with tissue tears.
We also detected increased ECM, increased mRNA expression of members of the TGFB family, and reduced TGFBR1 in tear samples from the non-dominant arm, compared to those from the dominant arm. Further studies are still necessary; however, we hypothesize that overuse may contribute to continuous inflammation and degeneration in the tendons of the dominant arm, without allowing detectable dynamic molecular modulations during the attempt at tissue repair.
Among the limitations of our study, we should mention that false negative results may have occurred, as some statistical analyses exhibited a reduced power to detect significant differences between the groups. Although we investigated a large set of tear and control (noncadaveric) samples in relation to previous molecular studies, 37, 38, 50 there is a high degree of clinical heterogeneity among patients with rotator cuff tears. It is important to underscore that to obtain a meaningful biological result, we evaluated not only the protein expression, but also the RNA expression using a highly sensitive approach and applying suitable normalization. 22 In conclusion, our findings show differential expression levels of matrix extracellular genes and TGFB family members in the degeneration process involved in the rotator cuff tears underscoring the involvement, specifically, of COL1A1, COL1A2, COL3A1, COL5A1, FN1, TNC, TGFB1, and TGFBR1 genes. Reduced ratio of type I/III collagen fibers were detected in samples with fissures, which highlights that the maintenance of type III collagen fibers is associated with nonintegral tendons. Although clinically and histologically the tear samples are degenerated, our results suggest that there is an attempt towards tendon healing even in the tear tissues. Patients with longer duration of symptoms and therefore delayed surgical treatment exhibited an increased ratio of type I/III collagen fibers and FN1 immunostaining. Increased COL5A1, FN1, and TNC expression were detected in tears with higher frequency of microcysts, which might be related to the attempt to synthesize and assemble new collagen fibers in the degenerated tissue. However, lowered levels of FN1 and TNC appear to contribute to the neovascularization process, at least in a subset of tears. Further investigation is necessary to understand if this subset of patients presents a better prognosis. The smoking habit leads to an increased frequency of histological signs of degeneration and in consequence also modifies the expression of COL5A1, FN1, TNC, and TGFB1 mRNA expression. Thus, our results increase the knowledge about tendon degeneration as well as the mechanisms by which smoking affects the risk of tendon tears.
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